Salmonella enterica is the second most reported bacterial cause of food-borne infections in Europe. 13 Therefore molecular surveillance activities based on pathogen subtyping are an important measure 14 of controlling Salmonellosis by public health agencies. In Germany, at the federal level, this work is 15 carried out by the National Reference Center for Salmonella and other Bacterial Enteric Pathogens 16 (NRC). With rise of next generation sequencing techniques, the NRC has introduced whole-genome-17 based typing methods for S. enterica in 2016. In this study we report on the feasibility of genome-18 based in silico serotyping in the German setting using raw sequence reads. We found that SeqSero 19 and seven gene MLST showed 98% and 95% concordance, respectively, with classical serotyping for 20 the here evaluated serotypes, including the most common German serotypes S. Enteritidis and S. 21
Introduction 27
Subtyping of bacterial enteric pathogens, such as Salmonella enterica, traditionally relies on 28 serotyping. The species Salmonella enterica is divided into six subspecies and consists of more than 29 2600 serovars, which are classified according to the White-Kauffmann-Le Minor Scheme 1 . 30 Serotyping is based on determination of somatic O antigens and flagellin H antigens by reaction with 31 specific antisera. Most S. enterica serovars have two alternately expressed H antigens, also referred 32 to as 'phases'. The phase-1 and phase-2 flagellin proteins are encoded by fliC and fljB, respectively. 33
The phase switch is regulated by the invertase hin and the fliC repressor gene fljA 2 . Therefore, the 34 specific antigenic formula consists of three positions: the first position represents the O antigens, the 35 second and third positions the two different flagellin H antigens. Each antigen position is separated 36 by a colon, i.e. O:H1:H2. The antigenic formula for S. Typhimurium for example is accordingly 37 1,4,[5],12:i:1,2. There are variants of S. Typhimurium, which express only one flagellin and which 38 therefore are referred to as monophasic S. Typhimurium. S. Enteritidis on the other hand does not 39 possess a second flagellin per se, which is reflected in the antigenic formula: 1,9,12:g,m:-. It should 40 be noted that some serovars share the same antigenic formula and require additional testing for 41 unambiguous identification, e.g. the clinically important serovar S. Chloeraesuis shares its antigenic 42 formula 6,7:c:1,5 with serovars S. Paratyphi C and S. Typhisuis. A differentiation is possible based on 43 biochemical characteristics or PCR 3 . 44
With rise of next generation sequencing (NGS) techniques, genomic typing tools have become 45 increasingly popular and effective. Several in silico classification tools employing NGS data are 46 available for Salmonella. The serotyping tools are either based on identifying and characterizing the 47 serotype-determining genes or derive the serotype from in silico Multi Locus Sequence Typing (MLST) 48 or a combination of both methods. MLST-based serotyping was sparked by the observation of 49
Achtmann et al. that the phylogeny derived from MLST sequence types correlates with serotypes 4,5 . 50
Achtmann and his group are also the developers of Enterobase, a platform for the phylogenetic 51 analysis of selected bacteria, including Salmonella 6 . A report of the Establishing Next Generation 52
Sequencing Ability for Genomic Analysis in Europe (ENGAGE) consortium identified four serotyping 53 tools, specifically Metric-Oriented Sequence Typer (MOST), SeqSero, SalmonellaTypeFinder and 54 SISTR, which were benchmarked for their performance and were found to have correlation rates 55 between 65% and 88% with classical serotyping (http://www.engage-56 europe.eu/resources/benchmarking). MOST is a pipeline developed and employed by Public Health 57
England, which infers an MLST type with a modified version of the program SRST, which was 58 developed for deducing a sequence type from short reads, and utilizes a local database for 59 identification of corresponding serotypes 7, 8 . However, previous studies used assembled genomes for in silico typing. Only very recently, 84 Ibrahim and Morin also reported results obtained with paired reads using the web-based application 85
of SeqSero 1.0 15 . Genome assembly requires additional time and computing resources, which is a 86 drawback for routine analysis of a large number of genomes. 87
Our goal for this study was therefore to directly use raw reads in order to save time and computing 88 resources. Thus, our requirements for the tools were that the input data should need minimal 89 preprocessing and should potentially fit into our existing analysis pipeline (Ridom SeqSphere + ) 16 . 90
Since we need to process a large number of sequences, offline availability was also of major 91
importance. SeqSero fulfilled all of these requirements (when used as a command line tool). The 92 other above mentioned tools did not as they either use different allele detection algorithms for 93 determination of MLST sequence types than Enterobase (MOST and SalmonellaTypeFinder) or 94 require an assembled genome (SISTR). Therefore we decided to assess the performance of SeqSero 95 and the Enterobase MLST scheme from Achtman et al. for serotype prediction 4 . 96
97
Results 98
The aim of this study was to assess two in silico serotype prediction tools, namely SeqSero and MLST 99 via SeqSphere/Enterobase for their performance in routine Salmonella typing at the NRC. We chose 100 520 Salmonella isolates, mainly of human origin and predominantly from the years 2014-2018 as the 101
data set for analysis. The selection comprised very frequently found serotypes as well as less 102 frequent serotypes (Table 1) . We investigated a total of 20 different serotypes and also looked at 103 monophasic variants as well as rough phenotypes. 104
Data quality is an important bottleneck 105
Initially, we did not set a quality threshold for the raw read sequence files. In the course of the 106 analysis we noticed that analysis with SeqSero 1.0 and/or Ridom SeqSphere + failed if the file sizes of 107 the raw sequence reads were lower than average (<50,000 KB). Since Zhang et al. only included data 108 for analysis with SeqSero 1.0 with a minimal coverage of 10-fold, we aimed for the same quality 109 threshold 9 . Given an average genome size of approximately 4.8 Mb for Salmonella enterica subsp. 110 enterica, we calculated that a theoretical coverage of ≥10-fold could only be achieved by a minimal 111 read number of 100,000 each for paired end reads with a theoretical read length of 250: theoretical 112 coverage = total number of reads x length of each read [bp] / genome size [bp]. Sequencing was 113 repeated for cases not meeting the minimal read number ( Fig. S1 ). 114 SeqSero analysis correctly predicted the serovar in 98% of the isolates 115 SeqSero 1.0 predicted the serotype in 84% of analyzed strains in accordance to the classical serovar. 116
In additional 14 % of the cases the antigenic formula was shared by more than one serovar and 117 SeqSero 1.0 predicted all eligible serotypes, e.g. Choleraesuis, Typhisuis or Paratyphi C for the 118 antigenic formula 6,7:c:1,5, which we rated as ambiguous. These cases require additional testing as 119 they would if determined by classical serotyping. Therefore an ambiguous prediction was counted as 120 a correlating result in the overall summary. The total rate of correlation (correlation + ambiguous 121 prediction) with our laboratory results was therefore 98% (Table 1 ). Five cases of prediction failure 122 (1%) occurred, all of which involved failed prediction of the O-7 antigen. Additionally, five cases (1%) 123 of miscorrelation were found, which concerned monophasic strains of S. Typhimurium and S. 124
Choleraesuis (Table 1) . 125
Monophasic variants are only predicted correctly if they lack the flagellin genes 126 17 out of 19 monophasic S. Typhimurium strains were correctly predicted by SeqSero 1.0 using raw 127 reads (Table 1 ). In two cases, SeqSero 1.0 predicted phenotypically monophasic S. Typhimurium as 128 biphasic. In order to investigate this discrepancy we analyzed the respective whole genome 129 sequences by de novo assembly. The isolate ERR2003330 lacked approximately 250 nucleotides in 130 the central part of the fljB gene as well as the whole hin gene ( Fig. S2 ). Expression of the phase-2 131 flagellin gene fljB is co-regulated by the invertase gene hin and the fliC repressor gene fljA 2 . 132
Apparently a transposase, tnpA, had integrated into this region. This explains why the second phase 133 could not be detected by classical serotyping. Since SeqSero 1.0 only checks whether the fliC and fljB 134 alleles are present, it would explain why the lack of the hin gene was not detected by the program 135 and the partial deletion of the fljB gene might have been too small to be detectable when using raw 136
reads. We noted that SeqSero 1.0 correctly predicted the isolate to be monophasic when the analysis 137 was performed with a5-assembled contigs. During preparation of this manuscript a new version of 138
SeqSero called SeqSero 2.0 was available from github (https://github.com/denglab/SeqSero 2.0) and 139
we rechecked the two non-correlating results with SeqSero 2.0 in the default k-mer-based mode. The 140
program correctly classified isolate ERR2003330 as monophasic, probably due to the partial deletion 141 in the fljB gene. However, when we used SeqSero 2.0 with a5 assembled contigs it classified the 142 isolate wrongly as biphasic S. Typhimurium. The second isolate ERR2003327 had a transposon 143 integrated into the fljB gene most probably rendering it non-functional. This isolate was identified to 144 be biphasic with both SeqSero 1.0 and the k-mer-based approach of SeqSero 2.0 when using raw 145 reads, because the fljB gene is fully present but interrupted. When using SeqSero 1.0 and SeqSero 2.0 146 with a5 assembled contigs isolate ERR2003327 was correctly predicted to be monophasic by both 147 versions of the program. and was additionally recognized to be L(+)-tartrate positive by SeqSero 2.0. 155 Serovar prediction of rough strains is possible by means of SeqSero 156 Importantly, SeqSero 1.0 was able to predict a serotype for five out of six isolates with a rough 157 phenotype, where classical serotyping was not successful (ERR3263893: S. SeqSero is well suited for routine high-throughput analysis of raw reads with the exception of 178 atypical monophasic strains 179
In summary, SeqSero 1.0 is an easy to use tool, which is available as free software from the website 180 of the developers, or as an official Debian package from the Debian website. Currently an alpha test 181 version of SeqSero 2.0 is available on Github with additional features, e.g. k-mer based approach and 182 integrated identification of the taxonomic ID with SalmID in the allele based mode for subspecies 183 identification of ambiguous serovars. When using SeqSero 1.0 with Illumina paired end raw reads we 184 achieved a correlation rate of 98%. The reasons for initial miscorrelation were mainly low data 185 quality, which could be resolved by repeating the sequencing (Fig. S1 ). SeqSero 1.0 was able to 186 predict a serotype for all rough isolates, except one. It correctly predicted monophasic variants if the 187 flagellin genes fliC and/or fljB were missing. However, if the flagellin genes were only disrupted 188 and/or other genes required for flagellar expression / phase transition were missing, SeqSero 1.0 and 189 SeqSero 2.0 were not always able to reliably recognize monophasic variants. We conclude that with 190 the exception of atypical monophasic variants of S. Typhimurium and other serovars and genetically 191 rough strains (i.e. lack of O antigen determining genes) SeqSero is able to correctly predict the vast 192 majority of common serovars circulating in Germany. 193 194 MLST analysis correctly predicted the serovar in 95% of the isolates 195 MLST predicted the serotype in 95% of Salmonella isolates in concordance to the classical serovar 196 found by serotyping (Table 1) . Notably, all six rough isolates were assigned to a sequence type and a 197 corresponding serotype. The prediction differed in 25 cases (5%) from the phenotypic classification 198 all of which involved second phase miscorrelation. Figure 1 shows an UPGMA (unweighted pair group 199 method with arithmetic mean) Tree based on MLST and color coded according to the serovar 200 obtained by slide agglutination. As expected, there is a clear correlation between serotype and one 201 or more closely related STs for the majority of isolates (Fig. 1) 
MLST-based serotype prediction additionally provides phylogenetic context 226
The majority of our serotypes could each be assigned to a single eBG: e.g. S. Typhimurium to eBG 1, 227
S. Enteritidis to eBG 4, S. Typhi to eBG 13 and S. Choleraesuis to eBG 6 ( Table 2 ). This is also reflected 228
in the phylogenetic tree, where the different STs, which comprise the same serovar and belong to 229 the same eBG are located in the same branch (Fig. 1 ). This indicates that German strains belonging to 230 these serovars stem from a common ancestor 4,17 . One advantage of MLST serotype prediction 231 compared to SeqSero was that there was no ambiguous serotype prediction. Different serovars with 232 the same antigenic formula split into distinct eBurst groups (e.g. S. Choleraesuis eBG 6 and S. 233
Paratyphi C eBG 20). MLST additionally provided important phylogenetic information, e.g. the S. 234
Derby strains in our collection were of a polyphyletic nature as they split into three different eBGs 235
( Table 2 and Fig. 1 ). In conclusion, MLST-based serotype prediction also proved to be very successful 236 with the draw-back of not being able to distinguish between monophasic and biphasic S. 237
Typhimurium as well as between S. Choleraesuis and monophasic S. Choleraesuis var. Kunzendorf. 238
239

Combination of SeqSero and MLST increases robustness of prediction 240
After performing both analyses independently, we combined SeqSero 1.0 and MLST and used both 241 results for predicting the serotype. In general, there was good agreement between the two methods. 242
In case of disagreement, we evaluated the sequences individually. isolates, which carried a transposase in fljB (ERR2003330 and ERR2003327), were correctly predicted 251 as monophasic by MLST and here we opted for the MLST prediction because we had already 252 analyzed these isolates by mapping. In the 5 cases of prediction failure by SeqSero, we chose the 253
MLST prediction as the serovar. This way, the percentage of correlation was increased to >99%. In 254 summary the combination of both independent methods enabled the identification of potential 255 misclassifications where a closer analysis was necessary and thus reduced the rate of error. 256 257
Discussion 258
In this study we evaluated two genome-based in silico approaches and their combination for 259
predicting Salmonella serotypes and their suitability for replacing classical serotyping. Table 3  260 summarizes the advantages and drawbacks of the three typing methods. We found that both tested 261 prediction methods, the in silico serotyping approach by SeqSero 1.0 and the indirect serotype 262 prediction with MLST yielded excellent correlation with our laboratory-based results analyzing 520 263 isolates from our strain collection (98% SeqSero, 95% MLST). Since our collection lacked a 264
representative selection of strains of rare serotypes or higher subspecies we cannot rate the 265 performance in this regard. Nonetheless it was representative of the most common human strains in 266
Germany. 267
Our collection also included a novel serovar, derived from an outbreak related to sesame seeds 18 mode since it required the additional program SalmID, which we did not include in our assessment. 279 We tested SeqSero 2.0 in its default k-mer based mode for reassessment of the ten cases where 280
SeqSero failed. We found that with the default settings, SeqSero 2.0 also did not consistently detect 281 monophasic variants of S. Typhimurium but showed improved performance in cases of high 282 sequence variability. 283
Our results indicate that SeqSero does not reliably predict monophasic variants, in particular 284 monophasic S. Typhimurium. Monophasic S. Typhimurium lacking fljB are correctly classified by 285
SeqSero but atypical monophasic variants where fljB is present may be misclassified as biphasic. This 286 is a potentially crucial limitation of the program as monophasic variants, especially of S. 287
Typhimurium, are epidemiologically important and the latter comprise approximately 2/3 of the S. 288
Typhimurium received at the NRC 20-24 . We suggest including the detection of additional factors to the 289 fljB allele, which determine integrity of the second phase flagellar antigen. Also the algorithm for 290 phase determination when using raw reads should be refined so that disruptions in the fliC / fljB 291 genes can be detected in spite of the fact that the gene is fully present. 292
Regarding MLST, it was foreseeable by examining the strains in Enterobase that a clear classification 293 between monophasic and biphasic S. Typhimurium based on ST would not be possible. Achtman et 294 al. did not find a correlation between ST and monophasic S. Typhimurium when they analyzed a large 295 and diverse collection 4 . On the other hand, it was reported that Italian and UK monophasic S. 296
Typhimurium strains belonged to ST 34 20,21 . Petrovska et al. showed that the current monophasic 297 epidemic S. Typhimurium strains evolved from at least three independent events 21 . The monophasic 298 strains of our collection predominantly belong to the current European ST 34 epidemic clone, 299 therefore a good correlation for monophasic strains of ST 34 was obtained with MLST. On the other 300 hand, biphasic strains of ST 34 were misclassified as monophasic. We therefore conclude that the 301 classical MLST scheme alone is not able to clearly distinguish between monophasic and biphasic S. 302
Typhimurium due to their polyphyletic nature. Our results further indicate that clustering by core 303 genome MLST does also not improve classification according to flagellin expression. Since recent 304 studies have found S. Typhimurium regions, which seem characteristic for certain monophasic 305 variants it may be possible to develop an additional scheme based on the presence/absence of such 306 specific genes to reliably identify monophasic variants of S. Typhimurium 21,24 . 307
We obtained the highest correlation to classical serotyping when we combined the predictions of 308
SeqSero and MLST because the two methods use independent approaches for serotype 309 determination and thereby complemented each other. Since SeqSero directly generates an antigenic 310 formula, we rated its output as more adequate than the indirect determination by MLST. 311
Nonetheless, with the additional information provided by MLST, it was possible to clarify all 312 ambiguous predictions by SeqSero because the serovars, which shared the same antigenic formula, 313 had different STs. Our results also indicate that MLST might even perform better in classifying rough 314 strains than SeqSero. The combined prediction increased robustness because miscorrelating 315 predictions of the two programs gave rise to more detailed analysis. Currently there are two tools 316 available, which use the combined prediction of in silico serotyping and MLST. One is 317
SalmonellaTypeFinder, which uses SeqSero and MLST and thus has the potential of performing well 318 (https://bitbucket.org/genomicepidemiology/salmonellatypefinder/src/master/). We did not 319 evaluate this tool in our study because it uses a different MLST calling algorithm than we routinely do 320 and has not been published yet. The second tool is SISTR, which predicts the serotype with the help 321 of in silico genoserotyping and validates the results with core genome MLST 10 . We did not evaluate 322 SISTR because it requires assembled genomes. However, it performed very well in a previous 323 report 14 SeqSero is an in silico serotyping tool generating an antigenic formula directly comparable to classical 329
serotyping. MLST provides important phylogenetic information and is able to distinguish serovars 330 with the same antigenic formula. The concomitant use of both tools seems best suited for in silico 331 strain characterization to obtain the utmost information and a robust prediction. Nevertheless, some 332
improvements are necessary to differentiate monophasic from biphasic strains. If the serotype is 333 predicted by these two independent methods, a disagreement could indicate a potential problem 334 requiring further investigation. SeqSphere + software (Ridom GmbH, Münster, Germany) 4 . Please note, that in spite of the fact that 362 the scheme recommends de novo assembly of raw reads, we used mapping in order to save time and 363 resources. Using the raw reads, the pipeline quality-trimmed and mapped the Illumina MiSeq reads 364 against the reference genome S. Typhimurium LT2 (GenBank AE006468.2) using the build-in 365
Burrows-Wheler Aligner in the default mode. This ideally yielded allele numbers for the seven 366
housekeeping genes and the corresponding sequence type (ST). If Ridom SeqSphere + was not able to 367 assign a ST there were generally two reasons: either low data quality ('Target QC procedure failure') 368
or it was a potential new ST. For cases of low sequence quality sequencing was repeated (Fig. S1 ). 369
For phylogenetic analysis of monophasic and biphasic S. 
